The poly(L-glutamic acid) 65 -b-poly((L-lysine)-r-(L-3,4-dihydroxyphenylalanine)) 75 (PLGA 65 -b-P(LL-r-DOPA) 75 ) block copolymer was shown to adopt different self-assembly configurations depending on the pH of the surrounding environment. At pH 3 atomic force microscopy (AFM) and transmission electron microscopy (TEM) images revealed that the block copolymers selfassembled to adopt ellipsoidal morphologies, with dynamic light scattering (DLS) analysis provided a hydrodynamic diameter (d H ) of ca. 200 nm. When the self-assembly was performed at pH 12, both TEM and AFM images revealed spherical aggregates and the z-profile AFM analysis of these aggregates indicated hollow vesicle formation, with a d H of ca. 540 nm as calculated from DLS. At basic pH the P(LL-r-DOPA) block formed the internal layer of the vesicle shell and the subsequent oxygen-mediated oxidation of the phenolic groups of the DOPA repeat units led to the formation of quinonic intermediates, which underwent intermolecular dimerization and in turn stabilized the vesicles via in situ cross-linking. As a consequence of the cross-linking, the d H of the vesicles was reduced to ca. 480 nm and they were was able to maintain their shape even when the pH was reversed back to 3, with AFM and TEM showing spherical morphologies rather than ellipsoidal structures. The DLS analysis of this 2 cross-linked vesicle at pH 3 revealed d H of ca. 190 nm. This was also confirmed by static light scattering (SLS) analysis, which revealed that the cross-linked vesicles retained their shape regardless of the surrounding pH.
2 cross-linked vesicle at pH 3 revealed d H of ca. 190 nm. This was also confirmed by static light scattering (SLS) analysis, which revealed that the cross-linked vesicles retained their shape regardless of the surrounding pH.
INTRODUCTION
Polymeric micelles (and vesicles) represent a class of nanoparticles that are formed by self-assembly of block copolymers in selective solvents, where the non-soluble component self-assembles to form the core of the micelle and the soluble component forms the solvated shell. 1 Due to their core-shell structure, micelles have the ability to encapsulate water-insoluble drugs, increasing their stability and providing protection from the surrounding environment. [2] [3] [4] [5] [6] The prolonged circulation of the nanoparticle encapsulated drugs allows passive targeting of tumors and inflamed areas through enhanced permeability and retention (EPR) effects. 7, 8 Specific sites in the body may also be actively targeted through modification of the surface functionalities of the nanoparticle, 9, 10 and formation of bonds within the nanoparticle which may be cleaved only in the presence of specific enzymes.
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In comparison to low molecular weight surfactants, polymeric micelles are more stable as they exhibit significantly lower critical micelle concentrations (CMCs) by up to several orders of magnitude (ca. 10 -6
to 10 -7 M for polymeric micelles [12] [13] [14] cf. ca.10 -3 to 10 -4 M for surfactants 15 ). Nevertheless, micelles are always in dynamic equilibrium with the free single polymer chains (also unknown as unimers), continuously breaking and reforming, and dilution of polymeric micelles shifts the equilibrium towards the unimer state, which ultimately causes dissociation of the micelle. 1, 16, 17 This can result in the sudden release of a payload, which could potentially lead to toxicity issues due to large variations of drug concentration. Therefore, improving the stability of micelles has been of great interest. In 1996,
Wooley's group first reported the stabilization of micelles via a shell cross-linking approach. 18 Since then, many different groups have followed suit and three recent reviews by Wooley, 19 Armes, 20 and van Nostrum 1 provide a comprehensive reference source of micelle stabilization methods via shell and core cross-linking.
Lecommandoux et al. synthesized a poly(L-glutamic acid) 15 -b-poly(L-lysine) 15 (PLGA 15 -b-PLL 15 ) block copolymer which formed responsive micelles that adopted different configurations depending on the pH of the surrounding environment. 21 At pH 3 the PLL block adopted a random coil configuration 4 due to the protonation of the pendent amine groups and therefore, formed the solvated shell of the micelle, whereas the PLGA block adopted an α-helix conformation (resulting from neutralisation of the pendent carboxylic acid groups) that reduced its solubility in water and thus formed the core of the micelle (PLL shell PLGA core ). Conversely, when the micelle was formed at pH 12, the PLGA block became the shell of the micelle and the PLL block the core as the pendent carboxylic acid groups were deprotonated and the pendent amine groups were neutralized (PLGA shell PLL core ).
In a separate study, Deming et al. demonstrated that the incorporation of a L-3,4-dihydroxyphenylalanine (DOPA) amino acid sequence (up to 100 %) into a PLL-b-P(DOPA-r-leucine) block copolymer led to the formation of cross-linked vesicles upon oxidation with sodium periodate (NaIO 4 ). This results from the DOPA's dihydroxyphenolic groups ability to form quinone intermediates upon oxidation, which can undergo dimerization and hence cross-link the vesicle. 22 The cross-linking of proteins or peptides by phenolic compounds has been widely reported in the food processing industry, [23] [24] [25] whereas studies on DOPA cross-linking are particularly prominent in the area of adhesive proteins of marine mussels 26, 27 and insects cuticle sclerotization. 28 Inspired by the studies of Leccomandoux 21 and Deming, 22 the formation of pH sensitive reversible cross-linked vesicles composed entirely from amino acid building blocks was investigated via the formation of block copolymers having acidic groups on one block and basic groups on the other. To avoid the use of additional cross-linkers and strong oxidizing agents, such as sodium periodate (NaIO 4 ), DOPA monomers were incorporated into the basic block copolymers which could then cross-link the vesicle in situ using oxygen as the oxidizing agent at basic pH. This provides a facile and novel approach to synthesize cross-linked reversible vesicles composed entirely from amino acid building blocks under very mild conditions.
In this study, a poly(L-glutamic acid) 65 -b-poly(L-lysine-r-DOPA) 75 (PLGA 65 -b-P(LL-r-DOPA) 75 ) block copolymer (containing ca. 10 % DOPA repeat units) was synthesised via ring opening polymerisation (ROP) of amino acid N-carboxyanhydride (NCA) derivatives using 5 hexamethyldisilazane (HMDS) as the initiator (Scheme 1), 29, 30 followed by acid mediated deprotection.
The block copolymer was found to adopt different configurations depending on the solution pH. Crosslinking of the DOPA groups was conducted at pH 12 using oxygen as the oxidizing agent, where the random P(LL-r-DOPA) block formed the internal layer of the vesicle shell and the PLGA block the outer shell. The self-assembly process and resulting cross-linked vesicle were analysed via 1 H NMR spectroscopy, DLS, SLS, TEM, Cryo-TEM and AFM. was stirred at room temperature for 2 h to ensure complete removal of the protecting groups and then the solid was isolated via centrifugation, washed with diethyl ether (5 × 100 mL) and dried in vacuo to afford the copolymer as a white solid, 0.35 g (62 %).
Synthesis of dihydroxphenyl-alanine

Self-Assembly of PLGA-b-P(LL-r-DOPA).
The self-assembly of block copolymers was studied by dissolving PLGA 65 -b-P(LL-r-DOPA) 75 in Milli Q water at pH 3 or 12 (10 mg/mL). To ensure uniform self-assembly of the block copolymers at both pH values, the solutions were dialysized for 2 h against the respective pH solution. 1 H NMR spectroscopic analysis, DLS, SLS, TEM and AFM were used to analyse the structure and morphology of the self-assembled objects at both pH values. Although the DOPA NCA has unprotected phenolic hydroxyl groups, they did not readily initiate ROP of the cyclic NCA as revealed by 1 H NMR spectroscopy analysis of DOPA NCA in DMSO, which showed no change after 24 hours. Therefore, the chain extension reaction, which was completed within the PLGA adopted an α-helix configuration due to the neutralization of the pendent acid groups on PLGA, which reduced its solubility in water, whereas the pendent amine groups on the P(LL-r-DOPA) block became protonated, causing the PLL to adopt a random coil. 21 This was confirmed by comparing the 1 H NMR spectra of a PLL homopolymer and the block copolymers at pH 3 ( Figures 2A and B At pH 12 the reverse configuration of each block is expected. 21 The pendent amine groups of the P(LL-r-DOPA) block are neutralized and therefore, assume an α-helix conformation, which reduces their solubility in water. 21 This is expected to result in their self-assembly via hydrophobic and hydrogen bonding interactions. The PLGA block on the other hand adopts a random coil conformation since the pendent acid groups are deprotonated at basic pH. 21 To confirm this responsive behaviour the 1 H NMR spectra of the PLGA-b-P(LL-r-DOPA) block copolymer and PLGA homopolymer at pH 12 were compared ( Figures 2C and D, respectively) and it was found that all the proton resonances corresponding to the PLGA homopolymer adopting a random coil conformation at pH 12 21 were very similar to those for the block copolymer. For example, the resonances at δ H 2.0-2.2 and 4.3 ppm corresponding to the PLGA homopolymer aliphatic methylene protons and backbone methine protons, respectively ( Figure 2D ), are also clearly observed for the block copolymer at pH 12 ( Figure 2C ), confirming that the PLGA block is highly solvated in solution due to the random coil conformation. In addition, the broadening of resonances corresponding to the PLL pendent aliphatic methylene (δ H 1.4 ppm) and backbone methine protons (δ H 4.2 ppm) in the P(LL-r-DOPA) block implies that it adopts a more rigid structure, such as an α-helix conformation. 21 The aromatic and methylene proton resonances corresponding to the DOPA were also reduced significantly, suggesting that the DOPA residues have been shielded, which leads to reduced mobility. In order to observe the physical morphology of the resulting block copolymer self-assemblies at both pH values the solutions were analysed via TEM, AFM and Cryo-TEM. At pH 3 the TEM, AFM and 15
Stabilisation of Vesicles via
Cryo-TEM ( Figures 4A-C, respectively) revealed ellipsoidal self-assemblies, and from Cryo-TEM in particular, these ellipsoidal assemblies seem to consist of fibrous structures stacked closely together.
There are several factors that can influence the morphology of the block copolymer self-assemblies, such as the ratio of each polymeric block as well as the composition of the block itself. 33 One possible mechanism that led to this arrangement is from the formation of an α-helix of the PLGA block at acidic pH, which can stack together to form rod-like aggregates having protonated P(LL-r-DOPA) shells as proposed by Deming. 34 This might explain the individual strands that made up the fibrous network or aggregation ( Figure 4D ) observed from the Cryo-TEM image ( Figure 4C) . However, what drives the aggregation between these rod-like self-assemblies remains unclear and will be the subject of further studies. Figure 5C ). Figure 5D illustrates the proposed block copolymer vesicle configuration.
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Vesicle Stabilization via
In situ Cross-linking. The stabilization of vesicles via in situ cross-linking was conducted at pH 12 using oxygen as the oxidizing agent when the P(LL-r-DOPA) block selfassembled to form the inner layer of the vesicle wall ( Figure 5D ). Within the inner layer of the shell, the DOPA residues will be densely packed especially since the packing of these α-helical segments favours intermeshing of side-chain functionality among many different chains, which should aid efficient cross-linking of the hydrophobic segments. 22 Under these condition the phenolic groups of the DOPA units will be oxidized to form DOPA-quinone intermediates that can undergo dimerization with other DOPA moieties or undergo nucleophilic attack by the pendent amines of lysine residues, 23, 24 resulting in the cross-linking of the inner layer of the vesicles' shell (Scheme 2).
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Scheme 2. The cross-linking of DOPA at pH 12 using oxygen as the oxidizing agent via quinonic intermediate.
Comparison of the 1 H NMR spectra of the PLGA-b-P(LL-r-DOPA) block copolymer self-assemblies before and after cross-linking at pH 12 ( Figure 6A and B, respectively) revealed negligible differences.
The presence of resonances at δ H 1.4 ppm corresponding to the aliphatic side chains of the PLL units in the P(LL-rDOPA) block indicates that the cross-linking density is low, which was expected given that there is only 10% of DOPA randomly distributed throughout the P(LL-r-DOPA) block. Therefore, in order to confirm cross-linking, the solution was acidified to pH 3. If the cross-linking was successful it should prevent the vesicle from reversing its configuration upon going from pH 12 to 3. 1 H NMR spectroscopic analysis of the cross-linked vesicle at pH 3 ( Figure 6C ) revealed a broadening of the resonance at δ H 4.4 ppm (corresponding to the methine protons along the block copolymers backbone) compared to the ellipsoidal self-assembly object formed at pH 3 before cross-linking (dotted rectangle, Figure 6D ). This indicates that the cross-linking successfully locks the P(LL-r-DOPA) block inside the internal layer of the shell, preventing it from fully adopting random coil conformation and becoming the solvated outer shell. Furthermore, the reduction of intensity of the PLL aliphatic side chain resonances at δ H 1.3, 1.6 and 2.9 ppm (asterisks, Figure 6C ) relative to the PLGA side chain resonances at δ H 2.2 and 2.6 ppm, resulting from reduced segmental mobility, 31,32 also indicates that the P(LL-r-DOPA) has a more rigid structure after cross-linking. Therefore, it is proposed that when the cross-linked vesicle was acidified to pH 3 the PLGA block adopts an α-helix conformation that collapses onto the P(LL-r-DOPA) inner layer instead of reversing its configuration to form the internal layer of the shell.
However, as a result of the low cross-linking density, some of the loosely cross-linked PLL linear segments maybe able to protrude into solution between gaps left by the PLGA outer shell. Although no changes were observed from 1 H NMR spectroscopic analysis of the vesicle before and after cross-linking at pH 12, DLS analysis revealed a reduction in the d H from 544 nm before crosslinking ( Figure 3B ) to 479 nm after ( Figure 7A) . A further reduction in size to 188 nm was also noted when the pH was adjusted to 3 ( Figure 7B ). The autocorrelation functions ( Figure 7 ) for pH 12 shows an order of magnitude slower decay time than pH 3 (note the log scale), which confirmed the presence of larger aggregates. However, the extended baseline observed for pH 3 also reveals that larger 21 aggregates or polydisperse aggregates are present at this pH. Upon acidification to pH 3, TEM and AFM images revealed that the cross-linked vesicles adopt a spherical morphology with sizes ranging from 35-100 nm (TEM) and ca. 150 nm (AFM) ( Figure 9A and B, respectively), rather than the ellipsoidal-shaped aggregates previously observed without crosslinking at pH 3 ( Figure 4 ). Cryo-TEM also confirmed the spherical self-assemblies after cross-linking with sizes of ca. 200-250 nm ( Figure 9C ), significantly bigger than the sizes obtained from TEM and AFM, although very similar to those obtained via DLS ( Figure 7A ). This is expected since Cryo-TEM and DLS measure the particle size distribution in their solvated state, whereas TEM and AFM measurements are in the dried state, which would have caused the particles to shrink and collapse; a common observation for vesicles. 21, 36, 37 The differences in morphology are good evidence that the in situ cross-linking was successful; as expected the cross-linking stabilizes the self-assembly, leading to a 23 more rigid structure that can not undergo configuration reversal upon change in pH. The reduction in size of the cross-linked vesicle noted from the Cryo-TEM images and DLS analysis upon going from pH 12 to 3 indicates that the PLGA outer shell now adopts an α-helix conformation that shrinks or collapses onto the P(LL-r-DOPA) inner shell layer and any loosely cross-linked PLL segments could protrude through gaps in the shell ( Figure 9D ), as hypothesized from the 1 H NMR results ( Figure 6C ). Static Light Scattering (SLS) Analysis. To further confirm the morphology of the self assembly at both pH 12 and 3, before and after cross-linking, static light scattering (SLS) measurements were carried out. For small sized particles (qR < 1, where q = scattering vector and R is the aggregate radius), the Radius of Gyration R G can be calculated from a Zimm plot or Guinier approximation. When the ratio of R G /R H is close to unity it indicates that a hollow particle (vesicle) is present, as opposed to a value of 0.77, which corresponds to a solid sphere or micelle. 38, 39 However, in this case the qR values are greater than 1, and R G cannot be easily measured.
Instead we measure of the intensity as a function of scattering angle, and fit with mathematical models for both spherical hollow spheres (vesicles) and solid spheres (micelles), in order to confirm whether or not the self-assemblies truly are vesicles. 40 The scattering factor, P(q), for hollow spheres with a shell of thickness t can be expressed as follows:
Where R is the average radius, R o = R + t/2 is the outer radius, R i = R -t/2 is the inner radius and j 1 (x)
is the first-order spherical Bessel function given by:
As a comparison, a solid sphere model (as would be the case for a micelle) is also used:
The models are implemented in Matlab. To take into account polydispersity, fits are carried out for a Schultz distribution of particle sizes, characterized by a mean radius, R, and a polydispersity, σ. The 25 analysis and fitting methods are described in previous publications. For the block copolymer self-assemblies formed at pH 12, Figure 10 shows the graph of intensity as a function of the angle of incident light before and after cross-linking. The two sets of data display a very similar trend, although the data after cross-linking (blue) is less reliable at higher angles, as shown by the greater variation in the data. The best fit for the sample without cross linking using the hollow sphere with a Schultz distribution of particles (equation 1; red line in Figure 10 ) is in reasonable agreement with the data, yielding a diameter of d = 578 nm and a polydispersity of σ=32 %, which matches well with the DLS data. However, it is found that the model is insensitive to the thickness of the shell (any value between 1 and 30 nm gives an equivalent fit), so no comment can be made about the shell thickness. By comparison, no good fit could be obtained using the solid sphere model. To illustrate 26 this, the curve for the solid sphere model with the same parameters (d = 578 nm and σ = 32%) is shown for comparison (equation 3; black line in Figure 10 ). This provides strong evidence that the particles are vesicles rather than micelles, though we can say nothing about the shell thickness. No reasonable fit was possible for the cross-linked particles at pH 12 using either model. Figure 11 . Scattered intensity as a function of the angle of incident light (degree) for vesicles at pH 3 before and after cross-linking. The lines correspond to the fits generated using the hollow sphere (vesicle) model (red) and solid sphere (micelle) model (black) for cross-linked self-assemblies at pH 3.
The scattered intensity as a function of the angle of incident light before and after cross-linking at pH 3 shown in Figure 11 displayed very different behaviour. Before cross-linking (yellow triangles) the graph displays an almost linear profile as a result of the non-spherical, ellipsoidal shape, which is also evident from the TEM and AFM images ( Figure 4) ; therefore, neither model suitably fits this data.
However, the cross-linked self-assembly at pH 3 fits well with the hollow sphere model (red line) and the diameter obtained from this model is d = 250 nm, with a polydisperisity of σ = 18 %. Again, the fit is insensitive to the thickness of the shell, with values ranging from 1 to 30 nm giving a reasonable fit.
Nevertheless, it is evident that the vesicle model fits much better with the experimentally measured data 27 than the solid sphere model (black line), even though the thickness of the shell cannot be accurately determined.
CONCLUSIONS
The stabilization of vesicles via in situ cross-linking of phenolic moieties has been demonstrated. At basic pH the PLGA 65 -b-P(LL-r-DOPA) 75 block copolymers formed vesicles as determined from SLS, DLS, AFM and TEM. 1 H NMR spectroscopic analysis at pH 12 revealed that the PLGA block formed the solvated shell, whereas the P(LL-r-DOPA) block formed the inner layer of the vesicles shell.
Stabilization of the vesicles was achieved using oxygen to oxidize the DOPA phenolic side groups into quinonic intermediates, which facilitate intermolecular covalent cross-linking between polymer chains within the internal layer of the vesicles' shell. The resulting cross-linked vesicles were capable of maintaining their structure even when the pH was reduced to 3, whereas uncross-linked vesicles underwent reversible changes of their configuration to form ellipsoidal aggregates. These results demonstrate that oxygen-mediated in situ phenolic oxidation and cross-linking provides a facile and environmentally 'green' approach to the stabilization of reversible vesicles.
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